Abstract
Introduction
A wireless sensor networks (WSN) consists of multiple nodes that maintain network connectivity through wireless communications. This connectivity is enabled via radio transmissions generated by a set of cooperating nodes [1] [2] [3] [4] [5] [6] [7] . In such networks, the nodes are often powered by battery, and energy efficient operations are critical to prolong the lifetime of the connections. Designing an energy efficient and reliable routing protocol for such networks is a challenging issue [7] [8] [9] [10] [11] [12] . However, for real-time sensing, latency and reliability are of paramount importance, whereas in battery powered sensor networks, energy Efficient is an important metric.
Although multipath routing can increase reliability of transmission, too many paths may increase data redundancy and energy consumption. Multipath routing adopts parallel mechanisms to transmit data. Anantapalli et al. [5] have investigated the performance comparison among several multipath routing protocols in mobile ad hoc networks. Leinonen et al. [6] propose a distributed algorithm for solving the convex problem with partial dual decomposition approach by jointly optimizing the routing and the power allocation. Energy
Figure 1. (a) Transmissions when Network Coding is not used (a Total of 6 Packet Transmissions); (b) Transmissions when Network Coding is used (4 Packet Transmissions)
Source node S wants to flood two packets a and b. As shown in figure 1(a), when network coding is not used, six packet transmissions are required to deliver the two packets to all nodes in the network, i.e., node 1, node 2, node 3, and node 4. As shown in figure 1(b), however, when network coding is used, only four packet transmissions are needed. This is because each of the two relays transmits only one coded packet. For network coding to work, receive node 3, node 4 must be able to receive both coded packets, i.e., (a + b) and (a + 2b). Otherwise, they will be unable to decode the other packet received.
The binary symbol (a + b) is a mathematical function of a and b. Calculation of a function from received data is called coding. Showing the merit of mixed coding among multiple messages at an intermediate node, (a + b) is called network coding (NC). In algebra, (a + b) is called the binary sum of a and b, interpreting in more general terms of linear algebra, the linear sum (a + 2b) over the binary field. Thus, the calculation of (a + b) is not only a form of coding but also a more restricted form of linear coding.
Multipath Routing and Network Coding in WSN
In WSN, nodes added or removed in ad hoc manner lead to network topology becoming unknown, and at the same, it is very difficult to predict packet loss, node and link failures. NC-based routing deals with the recoding of packets belonging to the same flow and is also known as intra-flow or intra-session coding. Protocols, i.e. network coding based reliable disjoint and braided multipath routing (NC-RMR) [17] , and pipelined opportunistic routing 3. Network Coding Scheme (NCS)
Network Model
This paper will discard such an unrealistic assumption, and develop a practicable model for network coding. We will propose the WSN model by using Poisson point process in R 2 . We consider a WSN where nodes are randomly distributed within a specified region B  R 2 . Let Φ 0 be a Poisson point process in R 2 with intensity λ 0 which characterizes the population of the nodes in the region B. Hence, there are λ 0 nodes in the WSN in average. Let Φ 1 , Φ 2 , · · ·, Φ N−1 be N−1 2-dimensional independent Poisson processes with intensities, λ 1 , λ 2 , · · ·, λ N−1 , which are also independent of Φ 0 . N denotes the number of nodes. It is assumed that each node is equipped with an omnidirectional antenna and that its transmission power can be adjusted dynamically, to control its transmission range.
Network Coding Model
In our proposed method, network coding (NC), multiple link-disjoint routes are constructed. As shown in figure 1 , first, source node S sends data packets a, b and c, encodes these packets into data1, data2 and data3, and then sends them to destination node D. These packets will reach relays node 1, node 2 and node 3 simultaneously because of the broadcast property of the acoustic channel. Node 1 receives data packets data1 and data2 successfully and encodes them into packets data4 and data5 then forwards it to the next node. Node 2 receives data packets data1 and data3 successfully and encodes them into packets data6 and data7 then forwards it to the next node. Node 3 receives data packets data1, data2 and data3 successfully and encodes them into packets data8, data9 and data10 then forwards it to the next node. The destination node D receives three encoded data packets data4, data6 and data10. When using a proper network coding scheme, the destination node D can recover the three original packets with high probability.
Therefore, the number of transmissions does not need to be increased, and reliability can be improved because the encoded packet can be forwarded to destination node D.
Network Coding Policy
The network coding idea was introduced by Ahlswede et al. [9] . Usually, the routers or relay nodes just forward and duplicate the packets in the networks. However, network coding permits routers or relay nodes to encode the packets. In this paper, we use a linear network coding scheme [10] . 
is converted into output packet P i by the following expression [14] .
The destination node can decode input packets because the coding vector G = (g 1 , g 2 , … , g N ), g ij is a randomly chosen coefficient from a Galois field such as GF (2 8 ), and output packet data P = (P 1 , P 2 , …, P N ) are obtained from the received packets, and an inverse matrix exists in G.
Decoding: Decoding at receiver node is performed by collecting packets of a given generation. The destination attempts to decode the incoming coded packets according to the following algorithm. These packets yield a system of linear equations that need to be solved to retrieve the original native packets. The decoding matrix represents the coefficient matrix of such a linear system. The destination uses Gauss -Jordan elimination to convert the decoding matrix to a reduced row echelon form and solve the linear system. Suppose a node has received v encoded packets X 1 , X 2 , ..., X v belonging to a given generation, with v≤N while g' 1 , g' 2 , … , g' v represent the coding vectors corresponding to the encoded packets. The generic element of the decoding matrix G is given by: G ij = g ij where i = 1, ..., v and j = 1, ..., N. Let us denote the rank of G by R. When the matrix has full rank, i.e., R = v = N, for a given generation, then the node can solve the linear equations to retrieve all native packets belonging to that generation. In this case, the receiver can recover part of the source native packets belonging to the given generation. We finally observe that when a node receives a packet, it must check whether it is innovative or not, i.e., whether it increases the rank of the decoding matrix G. If not, the packet is dropped.
When the destination node D receives N packets with linearly independent encoding vectors, it recovers the original packets by matrix inversion [13] .
Energy Consumption Model
In this section, we derive the energy efficient gains that can be achieved by using ENM-WSN. We assume that the source node S, needs to transmit symbols to the destination node D. Without loss of generality, it is assumed that the symbol period for each symbol is normalized to one second.
Definition 1:
The energy efficient gain of the network coding transmission over a non-network coding transmission, denoted by G, is defined as
where ε ptp is the energy consumed by node S in non-network coding transmitting the node N packets towards node D and ε ncptp is the energy consumption if ENM-WSN is used to transmit the same N packets.
Next, we derive ε ptp and ε ncptp . The energy consumption ε ptp can be written as
where P ptp represents the average transmission power for point to point non-network coding transmission.
In order to transmit with a finite average power, we restrict a node to transmit only when the channel power gain is larger than a threshold. The transmitting node avoids transmission and declares an outage. Let ρ uv be the outage threshold for the channel between a source node t u and a receiving node r v . Also, let δ indicate the probability of this outage, i.e., the probability that no transmission occurs between the source and the destination nodes. Then 
The probability density function (PDF) of |h uv | 2 is given by 
Thus, the outage probability δ in (4) can be written as
Assuming δ to be a fixed system parameter, one can find ρ uv from (5, 6) as 2 ln (1 ) uv uv
When the outage is not declared, the average transmit power in non-network coding transmitting a symbol from node 1 to node 2 can be expressed, the exponential distribution of the channel power gain, i.e., |h 12 
211
For ENM-WSN, node 1 transmits the first packet network coding towards node 2. The channel power gain between node 3 and node 2 is greater than the corresponding outage threshold ρ 32 , then, the remaining packets are transmitted cooperatively using ENM-WSN. 
The overall energy consumption can be written as 12 ( ( 1) ) (1 ) ( ( 1) (
where P ptp represents the average transmission power for the first symbol, given by ( 8), P nc represents the average transmission power of node 1 when ENM-WSN is not used while P n1 and P n2 , respectively, represent the average transmission power of node 1 and node 3 when they network coding transmit using ENM-WSN.
Analysis of Network Coding
In this section, we provide some theoretical analysis on throughput efficiencies of the ENM-WSN techniques for multipath scenarios. Note that parts of this analysis have been introduced previously in [20] . The efficient of network coding relies on the quality of the underlying paths determined by a multipath routing algorithm. We next describe a property of a multipath under which network coding is efficient (in both error recovery and energy consumption).
Consider an arbitrary generation of N packets. Under linear random coding, when a destination node receives at least N packets in the generation, the probability that it recovers the N original packets is high for a sufficiently large finite field.
We do not differentiate between the nodes in the same relay set. Let p be the probability that a packet has bit error rate at receiver, β ik be the probability that a node in the i-th relay set receives n packets (when 0  k<N) or at least k packets (when k=N) from all nodes in the previous relay set, 1  i  H. Since the destination node is in the Hth relay set and the generation is arbitrary, we have R=β H, N . First, we assume that a packet loss occurs when there is at least error within a packet. Thus, the probability that this packet is transmitted successfully for i hop(s), p i , is
The successful delivery ratio, R, equals to the probability that the packet is transmitted successfully for H hops. That is, R=p H =(1-p) H . Let α i be the probability that a node in the ith relay set receives packet N. Let α i,n be the probability that n nodes in the ith relay set receive packet N, n=0, …, N i . Assume that packet losses are independent. Then (15) where N is the number of encoded packets from the source.
Let γ i,j,k denote the probability that a node in the i-th relay set receives k packets from the jth node in the previous relay set, 1 
Simulation Experiments
In this section, we evaluate the performance of the proposed algorithms against the existing algorithms through the simulations. We consider a network of randomly distributed nodes within a specified square area. The source and the destination nodes are located in the diagonal corners of the network.
Simulation Model and Performance Metrics
To conduct the simulation studies, we have used randomly generated networks on which the algorithms were executed [21] . This ensures that the simulation results are independent of the characteristics of any particular network topology.
Energy model: We assumed that the energy required to send a message to a node at a distance l from a source is proportional to the square of l. Its initial value corresponds to the node energy level at the beginning of the simulation. We also assumed that the energy required to receive a message is the sum of the fixed cost of powering the antenna plus the fixed processing cost. When the node energy level goes down to zero, the node dies out, that is no more packets can be received or transmitted by the node. The initial energy of each node battery is 30 J in the reference scenario.
So, a propagation model is used to determine the Signal to Noise Ratio (SNR) at the receiving node. SNR is defined as the ratio of power of the receiving signal to the noise power at the receiver.
To effectively evaluate ENM-WSN's performance, we compare it with other famous multipath routing protocols, EECA [7] , and NC-RMR [17] for cost to control information, average link-connect time, the success rate to find the path and the feature of data transmission. Table 1 lists the simulation parameters which are used as default values unless otherwise specified. We will compare the performance of three multipath routing methods under the same energy model and communication models. Performance metrics we have used in our experiments are energy consumption, packet delivery ratio (PDR), and network lifetime. The number of delivered data packets is the summation of total numbers of delivered data packets received by each node. The number of sent data packets is the summation of total numbers of sent data packets of each node. The packet delivery ratio shows the transmission Efficient of the network with the given protocol.
3) Network lifetime: It is defined as the active period of the network nodes that have been able to process and transmit data until a node fails due to exhaustion of its battery, resulting in the partition of the network.
Simulation Results
The results of the simulation are positive with respect to performance. We use the Network Simulator version 2 (NS-2) [22] to evaluate the NC-MR protocols. NS-2 is a discrete event simulator targeted at networking research. NS-2 provides substantial support for simulation of TCP, routing, and multipath protocols over wired and wireless networks.
In the sequel, we consider the impact of the bit error rate (BER) on the energy saving gain expression in (4). The bit error rate is in the range of 10 -4 to 10 -3 to account for potentially high loss rate in WSN. For network coding, a generation contains three packets (e.g., M=3). Figure 3 compares the energy consumption of the ENM-WSN algorithm with EECA and NC-RMR. From our experiments, it appears that network coding outperforms the other schemes: it achieves the lowest energy consumption for most of the bit error rates. It can be observed that energy efficiency is greatly improved by employing network coding. Figure 4 compares the packet delivery ratio of the ENM-WSN algorithm with EECA and NC-RMR. The delivery ratio presents the ratio of the number of packets received by multipath receivers versus the number of data packets supposed to be received. For all kinds of traffic load, all schemes performance is affected by the increasing bit error rate. The For maximizing the network life time, we consider interference free communication model in the sense that at each time instance only one node may transmit. Figure 5 show that the network lifetime has a decreasing trend as the bit error rate increases. Under the entire max bit error rate, ENM-WSN gives much longer lifetime than EECA and NC-RMR protocol does. ENM-WSN gets nearly 10-30% higher than EECA and NC-RMR in lifetime. We can also observe that the network lifetime with multipath routing degrades more gracefully than with other routing protocols does when the bit error rate increases. 
Conclusion
Network coding and multipath routing are two popular techniques for saving energy in WSN. In this paper, we propose an energy Efficient that carefully couples network coding and multipath. Then we analytically study the performance of our scheme along with several other error recovery schemes. Last, we evaluate the performance of various schemes through simulation. The simulation results confirm the analytical study that our scheme is efficient in energy consumption, packet delivery ratio, and network lifetime in WSN.
In terms of future work, we would definitely consider optimizing the timeout values and other parameters used in NC-MR for further evaluation via simulation. Use of the nodedisjoint paths in parallel to improve the performance and increase the network utilization, is left as our future work. 
